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Abstract
We demonstrate that all available inclusive pp and p¯p single diffraction data
from ISR to Tevatron require an effective Pomeron trajectory whose intercept, α(0),
changes with energy; it decreases from 1.10 at low energy to about 1.03 at the SPS
and perhaps smaller at the Tevatron. This result, when combined with a relatively
s–independent trajectory, α(t)  0.92 − 0.95 in the range, 1.0 < jtj < 1.5 GeV2,
specifies a new effective Pomeron trajectory in inelastic diffraction.
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1 Introduction
Single diraction, or the inclusive inelastic production of beam-like particles with
momenta within a few percent of the associated incident beam momentum, as in:
p(p) + pi ! X + pf (1)
has been studied for more than 30 years. The chief characteristic of data from these
processes is the existence of a pronounced enhancement at Feynman-xp of pf near unity,
which is interpreted using Regge phenomenology[1{6] as evidence for the dominance of
Pomeron{exchange (see Fig. 1). The observed xp spectrum reflects the distribution of
the exchanged Pomeron’s momentum fraction in the proton4,   xIP = 1 − xp, and
momentum transfer, t.
A relatively recent idea[7, 8, 9] underlying the phenomenology is that, although the
Pomeron’s existence in the proton is due to non-perturbative QCD, once the Pomeron
exists, perturbative QCD processes can occur in proton-Pomeron and γ-Pomeron in-
teractions. Ref. [7] proposed the study of such hard processes in order to determine the
Pomeron structure. First hard scattering results were obtained by the UA8 collaboration[10]
using React. 1, and by the H1[11] and ZEUS[12] collaborations using ep interactions.
Factorization of Pomeron emission and interaction in the inclusive React. 1 is ex-
pressed by writing the single-diractive dierential cross section as a product of a Pomeron
Flux Factor in the proton, FP/p(t; ), and a proton-Pomeron total cross section.
d2sd
ddt
= FP/p(t; )  totalpP (s0) (2)
s0 is the squared invariant mass of the X system and, to good approximation, is given
by: s0 = s. The forms of FP/p(t; ) and totalpP in the context of Regge phenomenology are
given below in Sect. 2.
Although there are many examples in the literature of the validity of factorization and
Eq. 2, for example in Refs. [10{14], the total diractive cross section prediction for React. 1
(the integral of the Regge version of Eq. 2 - see Sect. 2) is inconsistent with inelastic
diraction data and leads to a violation of unitarity near present collider energies. This
problem deserves re{examination and confrontation with presently available diractive
data.
The rising total pp cross sections observed at the ISR in the early 1970s led to the
conclusion[15, 16] that the eective Pomeron Regge trajectory intercept, (0) = 1 + ,
was larger than unity5. The observation[20] that  > 0 violates the Froissart-Martin
unitarity bound[21, 20] presents no diculty at present and forseeable collider energies.
However, already at present collider energies,  > 0 creates problems for partial cross
sections, and in particular for diraction. This is easily seen by examining the dominant
4We use the symbol ξ for this variable in view of its simplicity and its increasing use in the literature.
5The fit result for the trajectory in Ref. [15] was 1.06 + 0.25t; the latest refined fits[17, 18, 19] to the
s–dependence of all total cross sections yield   0.10.
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{dependent Regge factor in Eq. 2 at small{ and small{t, which is included in the
denition of FP/p(t; ):
d2sd
ddt
 1−2α(0) = 1
1+2
; (3)
Kinematically,  has a minimum value in React. 1, min = s
0
min=s, which decreases with
increasing energy, such that the rise in FP/p(t; ) at small  becomes more and more
pronounced. With  = 0.10, this leads to a rapidly increasing predicted total single
diractive cross section, totalsd , with s, shown as the solid curve in Fig. 2. Of course, the
observed totalsd do not display this behavior, but rise much more modestly with s.
Nature avoids the violation of unitarity in inelastic diraction with the addition of
multi-Pomeron-exchange eects[22, 23, 24] (Regge cuts), described variously in the liter-
ature as screening, shadowing, absorption or damping. Eq. 2, traditionally used with the
 obtained from tting total cross section data, does not take this into account.
In fact, it is expected[23] that multi{Pomeron{exchange eects increase with s, and
that this should result in a decreasing eective . However, to the best of our knowledge,
the correct eective  values have never been directly extracted from hadronic data, al-
though Schuler and Sjo¨strand[25] have developed a model of hadronic diractive cross
sections in which they use  = 0 as a reasonable approximation. In γp interactions at
HERA, an Q2-dependent eective Pomeron intercept has been observed[26, 27], which is
also believed to result from screening eects [28{31].
We recently demonstrated[32], using ISR and SPS data, that the unitarity{violating
part of the predicted totalsd is conned to the small-t, small- domain. Since damping
in this domain can be produced by simply decreasing the eective Pomeron intercept
(see Eq. 3), in the present paper we use the measured inelastic diraction cross sections
to determine the eective  values as a function of energy. The s{dependent eective
Pomeron intercept is then smoothly connected to a relatively s{independent value of the
trajectory[13] ( 0:92) in the higher{jtj region, 1.0{1.5 GeV2, to yield a new eective
Pomeron trajectory for inelastic diraction.
Sect. 2 summarizes the analysis by the UA8 collaboration[13], in which they t Eq. 2
to ISR and SPS data; they obtain parametrizations of FP/p(t; ) and totalpP which embody
features not previously known and specify the Pomeron trajectory at high{jtj. Sect. 3
shows how the eective Pomeron intercept depends on interaction energy in React. 1 and
how predictions at
p
s = 1800 GeV agree with the CDF collaboration’s results[33]. The
analysis in Sect. 4 yields a new Pomeron trajectory which depends on s only at low{jtj.
Finally, Sect. 5 contains our conclusions and a discussion of some consequences.
2 UA8 Triple–Regge fits and the Pomeron trajectory
at high–|t|
The UA8[13] collaboration analyzed data from their experiment at the CERN SPS{
Collider (
p
s = 630 GeV) in the jtj{range, 0.90{2.00 GeV2, and from the CHLM experi-
ment at the CERN ISR[34] (
p
s = 23{62 GeV) in the jtj{range, 0.15{2.35 GeV2.
2
Eq. 2 was t to the data, using the dominant two terms in the Mueller{Regge expansion[1,
2, 4], PPP and PPR (see Fig. 1), for the dierential cross section of React. 1. These
correspond, respectively, to Pomeron exchange and the exchange of other non{leading,




2 ebt 1−2α(t)]  0[(s0)1 + R (s0)2]: (4)
Comparing with Eq. 2, the left{hand bracket is the Pomeron flux factor, FP/p(t; ), and
the right{hand bracket (together with the constant, 0) is the Pomeron{proton total cross
section, totalpP . The exponents used, 1 = 0:10, and 2 = −0:32, correspond to those used
in the description of real particle cross sections[17, 18]6.
In Eq. 4, jF1(t)j2 is the standard Donnachie{Landsho[35] form{factor7 which is mul-
tiplied by a possible correction for high{jtj, ebt. Thus, the product, jF1(t)j2ebt, carries
the t{dependence of GPPP(t) and GPPR(t) in the Mueller-Regge expansion and is as-
sumed to be the same in both. Physically, this means that the Pomeron has the same
flux factor in the proton, independent of whether the Pomeron{proton interaction pro-
ceeds via Pomeron{exchange or Reggeon{exchange. The products, K0 = GPPP(0), and
K0R = GPPR(0).
The Pomeron trajectory, (t), was assumed to have the usual linear form with a
quadratic term added to allow for a flattening of the trajectory at high{jtj, as required
by the data:
(t) = 1:10 + 0:25t + 00t2 (5)
Although we show in the present paper that the intercept decreases with s, xing the
intercept used in the UA8 ts at 1.10 is consistent with the data, since the only low{jtj
data used in the t is from the ISR, where 1.10 is acceptable.
To avoid diculties with diering experimental resolutions in the combined ISR{UA8
data sample, simultaneous ts of Eq. 4 were made to data in the range 0:03 <  < 0:04
and jtj < 2:25 GeV2 with no background assumed; then ts were made to the entire
region, 0:03 <  < 0:10, including a background term of the form Aect1. All ts were
self{consistent. The tted values[13, 32] of the four free parameters in Eq. 4:
K0 = 0:72 0:10 mb GeV−2
00 = 0:079 0:012 GeV−4
b = 1:08 0:20 GeV−2
R = 4:0 0:6
The tted Pomeron trajectory, Eq. 5 with 00 = 0:08, is shown as the shaded band in
Fig. 3. The band edges correspond to 1 error limits on 00.
Independent conrmation of the (t) values at high{jtj seen in Fig. 3 was obtained by
tting (resolution{smeared) Eq. 4 to the {dependence of the UA8 data at xed{t in the







different {region,  < 0:03, where non{Pomeron{exchange background could be ignored.
Although, in Eq. 4, the dominant {dependence is in FP/p(t; ) and has the form 1−2α(t),
there are the additional (weaker) (s0)   dependences in the PPP and PPR terms
of totalpP , both of which must be included in the t. Because the (PPR) term is more
sharply peaked at small values of  than is the PPP term, leaving it out of the t8 causes
a systematic upward shift in the resultant (t). We come back to this point in Sect. 3.1
when we discuss results from the CDF experiment[33].
The solid points in Fig. 3 show the tted values[13] of (t) at four t-values, when both
PPP and PPR terms in Eq. 4 are used in the t (with R = 4:0). The solid points and
the band in the gure are in good agreement. The two dierent, but self{consistent, ts
to the data in the high{jtj region give condence in the value of the overall normalization
constant, K0, and in the t{dependence, jF1(t)j2ebt.
Table 1 summarizes the two types of ts performed by the UA8 collaboration in
determining (t) at high t, and shows which data sets were used in each. In Sect. 4, a
third type of t is described which also yields essentially the same results at high{jtj.
3 An s-dependent effective intercept
As explained above, a totalsd prediction depends sensitively on the value of  which is
used. For each of the ISR, SPS and Tevatron points in Fig. 2, we have therefore found
the  which yields the measured totalsd . Eq. 4 is integrated over  < 0:05 and all t, with
the following assumptions:
1. The UA8 parameter values given in Sect. 2 are used for K0 and R.
2. We set b = 0 and 00 = 0, which is a reasonable approximation because they
contribute little in the small{jtj region which dominates the cross section.
3. We only vary the  which appears in the Flux Factor, FP/p(t; ). Because the tted R
parameter (see above) is similar to that found tting real particle total cross sections
and totalsd is dominated by small mass in Eq. 4, we x 1 = 0:10 and 2 = −0:32.
Fig. 4 shows the resulting  values vs. s; their errors only reflect the measurement
errors in the totalsd points. Starting in the ISR region, the points display a downward
trend, reaching around 0.01{0.02 at the highest Tevatron energy. Since, a priori, we do
not know what value of the slope, 0, to use, and it may be flatter at small values in order
to connect with the UA8 high{jtj (t) points shown in Fig. 3, we show the calculated  at
the two highest energies for two dierent values of 0. There is no change in the essential
feature of the plot.
8Note that this means assuming R = 0, which is in blatant disagreement with the value, R = 4.0
quoted above.
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3.1 Predictions for the Tevatron
A small value of the intercept in the Flux Factor of Eq. 4 has the consequence that
the shape of the observed {distribution should be flatter. For example, Fig. 5 shows
Eq. 4 ploted vs.  at
p
s = 1800 GeV and small momentum transfer, jtj = 0:05 GeV2, for
dierent values of  (0 = 0:25 is used for these curves). The flattening of the curves is
evident as  decreases from 0.1 to 0.0; the magnitude of the predicted cross section also
decreases.
We now compare the predictions in Fig. 5 with the results of the CDF experiment[33]
at
p
s = 1800 GeV, which they give only in the form of a function tted to their corrected
dierential cross section. Their function is similar to our Eq. 4, except for three dierences.
They assume a linear Pomeron trajectory and an exponential t{dependence, both of
which are valid because their data are only at low{jtj. More signicantly, however, they
ignore the PPR term in totalsd . However, it was pointed out[32] that use of the wrong
function leads to an articial separation of their tted \signal" and \background" and
an overestimate of the background. Moreover, as shown by UA8[13], this also leads to
an overestimate of (t). Although Fig. 17 in CDF’s Ref. [33] demonstrates how  would
decrease with an increasing fraction of PPR contribution in totalsd , without a multi{energy
t of the type done by UA8, they were not able to quote a specic value of  with both
terms taken into account9.
We estimate the true eective  of the CDF data by taking their tted function (\sig-
nal" plus \background") as a good representation of their corrected dierential cross
section, and comparing it with predictions using the UA8 parametrization for dierent
values of . The solid curve in Fig. 5 shows the {dependence of the CDF function, and
is seen to lie between the predictions for  = 0.0 and 0.05, agreeing in both absolute mag-
nitude and shape to an eective  about 0.03. The small discrepency between this value
and the one shown in Fig. 4 can be due to a small mismatch between the t{dependence
used in our Eq. 4 and the CDF function, as well as in the value of 0 = 0:25 used in the
predictions.
4 The Pomeron trajectory
Having established the need for a new eective Pomeron intercept, we now examine
how it may be connected to the high{jtj  points shown in Fig. 3. From the results
in Sect. 3 at low{jtj, we have an eective trajectory and intercept which reflects multi{
Pomeron{exchange eects. However, at high{jtj the trajectory shows no signs of an
s{dependence, since the triple{Regge formalism describes the data between ISR and SPS
with no apparent need of damping[32].
In order to determine the full Pomeron trajectory, we resort to a somewhat unorthodox
procedure. We rely on the validity of the t{dependence, jF1(t)j2ebt in FP/p(t; ), and t
(t) , such that the  < 0:05 integral of Eq. 4 agrees with the observed dsd=dt.
9CDF quoted a value,  = 0.103 0.017, corresponding to zero contribution from PPR.
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There is only one set of dsd=dt data above ISR energies which covers the complete
jtj range from 0{2 GeV2. Fig. 6 shows the measurements at the SPS-Collider by the UA4
collaboration[36, 37] (open points) and by the UA8 collaboration[13] (solid points). The
UA4 data cover most of the t{range because they come from independent high{ and
low{ runs at the SPS. The UA8 data only cover the high{jtj part of the range, but they
are in good agreement with the UA4 points where they overlap10. Although the poor 
resolution of the low{ run precludes use of the data for ts to the {dependence, the
dsd=dt distribution is hardly influenced.
Thus we t the  < 0:05 integrated version of Eq. 4 to the dsd=dt points in Fig. 6
assuming, in turn, two simple parametrizations of (t). In the ts, K0, b and R are xed
at the UA8 values given above. The two resulting trajectories are shown in Fig. 3. They
are very similar. The solid curve is quadratic, (t) = 0 + 
0t + 00t2, with three free pa-
rameters (1:0350:001, 0:1650:002 GeV−2 and 0:0590:001 GeV−4, respectively). The
dashed trajectory in Fig. 3, consisting of two straight lines, also has three free parameters,
the slope and intercept and the t value at which the trajectory continues horizontally to
larger{jtj values (1:033 0:001, 0:134 0:003 GeV−2 and 0:80 0:02 GeV2, respectively).
Since the t integral of dsd=dt is 
total
sd , the trajectory at low{jtj reflects the same result
discussed in Sect. 3. The third entry in Table 1 summarizes the method and data used
for these ts. It is remarkable that the tted trajectories agree rather well with the solid
points and shaded band (at high{jtj) in Fig. 3, which were independently obtained.
Fig. 6 shows the resulting ts to dsd=dt for the two cases, with 
2/DF values of 4.2
(solid curve) and 2.0 (dashed curve)11. Our approximate trajectories thus yield acceptable
ts to the observed dsd=dt at SPS energies for the rst time.
5 Discussion
In the present Letter, using the results in Refs. [13, 32], it is demonstrated that the
triple Regge formula (with both PPP and PPR terms) describes all available inclusive
single{diractive data from ISR to Tevatron, provided that the eective Pomeron Regge
trajectory intercept, (0), is s{dependent and decreases from a value, 1.10, at low energies
to a value about 1.03 at the SPS-Collider. This result, when combined with a (conrmed)
knowledge of the trajectory, (t)  0:92−0:95 in the range, 1:0 < jtj < 1:5 GeV2, species
a new Pomeron trajectory in inelastic diraction. Its low{t behavior is in disagreement
with the \traditional" soft Pomeron trajectory, obtained from ts to the energy depen-
dence of hadronic total cross sections. The inverse dependence of  on the contribution
of multi{Pomeron{exchange is similar to what is found in in γp interactions[26, 27] at
HERA.
We nd it remarkable that, despite the presence of multi{Pomeron{exchange contri-
butions, Eq. 2 and the factorization of Pomeron emission and interaction retain a high
10We ignore the small difference between the two
p
s values, 546 and 630 GeV.
11An improved fit could certainly be obtained with a higher order function.
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degree of validity. This suggests that multi{Pomeron{exchange behaves in an approxi-
mately factorizable way[38].
It is perhaps relevant to note that a recent UA8 analysis[39] of their double{Pomeron{
exchange data shows that there is a pronounced enhancement of the Pomeron{Pomeron
cross section in the few{GeV mass region, with about a factor of ten larger cross section
than is expected from factorization. It is evident that such strong Pomeron{Pomeron
interactions can have a signicant, and perhaps simplifying, impact on the nature of
the eective Pomeron exchange. We also note that damping of small{ (or, via Eq. 3
with a smaller eective ) leads to an larger average  of the emitted Pomeron system.
Heuristically speaking, this may be related to the emission of a multi{Pomeron system.
The apparent absence of damping in the high{jtj data[32] suggests that the trajectory
is perturbative in this domain. It is therefore desirable that high{jtj measurements be
made at the highest Tevatron energy in order to conrm this view. If this is indeed a
perturbative domain, it will be very interesting to note if the same trajectory is active
in high{Q2 diractive γp interactions. In this connection, the H1 collaboration[40] has
recently reported results on J=Ψ photoproduction from which an  value around unity
(at the 1 lower bound) is reported for jtj > 1 GeV2.
Currently available data do not permit the measurement of the eective (t) in the
moderate jtj region, say between 0.2 and 1.0 GeV2. In order to understand the precise
shape of the trajectory in this domain, new data will be required at several energies. Fits
of the type carried out by the UA8 collaboration, namely simultaneously tting the -
dependence of the dierential cross section at several energies in the small{ region and at
xed t values, have the advantage that no assumption need be made about the functional
dependence on t and non{Pomeron{exchange background can be ignored.
One consequence of our results is that predictions of jet production in hard diraction
at the Tevatron should use  = 0.03. We note that, numerically, this is approximately
equivalent to Goulianos’ \renormalization" procedure[41] in predicting total cross sections,
but has the advantage that  and t dependences are now correctly predicted.
A theoretical challenge for the future is to calculate multi{Pomeron{exchange eects,
taking into account a large low-mass Pomeron{Pomeron interaction, as well as the eec-
tive Pomeron trajectory. The results of such calculations should also preserve the high
degree of factorization exhibited by the data.
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Results Type Cross SPS ISR
in Fig. 3 of t section low{jtj high{jtj low{jtj high{jtj
used ?
Points Shape of  distribution NO
p
at xed-t ( < 0:03)
Shaded Fit d2sd=ddt YES
p p p
Band (0:03 <  < 0:10)
Curves Fit dsd=dt YES
p p
Table 1: The three types of ts which have yielded the Pomeron Regge trajectory in the
high{jtj domain, 1.0-1.5 GeV2, shown in Fig. 3.
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Figure 1: Upper: The diractive pp process. The exchanged Pomeron has a momentum
transfer, t, and momentum fraction,   xIP = 1−xp, of the incident proton. The squared
invariant mass of the X system is M2X = s


















Figure 2: Measured total single diractive cross section for  < 0:05 in pp or pp interactions
vs.
p
s. A factor of two is included to account for both hemispheres (see the experiment
references in Ref. [32]). The insert is a blow{up of the ISR energy range. The solid curve is
the UA8 Triple{Regge prediction; the dashed curve shows the consequence of multiplying









Figure 3: The eective Pomeron Regge trajectories at ISR and SPS. Solid points[13] are
ts to the SPS data with  < 0:03 at xed t. The shaded band[13] ((t) = 1:10 + 0:25t +
00t2 with 00 = 0:08) results from a simultaneous t to all ISR/SPS data in the range
0:03 <  < 0:10 and
p
s = 23 − 630 GeV, but included only low{jtj data at the ISR
energies (see Table 1). The solid and dashed curves correspond to the new ts to the SPS














Figure 4: Calculated eective  values (approximate) vs. s, which are required to make
the predicted totalsd values in Fig. 2 agree with the various measured values. The solid
points assume 0 = 0:25: The highest energy points are also shown for 0 = 0:15 (open

























Figure 5: The CDF parametrization of their single diractive dierential cross section[33]
(solid curve) vs.  at jtj = 0:05 GeV2 and ps = 1800 GeV. As discussed in the text,
predicted distributions using Eq. 4 and the UA8 tted parameters are evaluated at three























Figure 6: Inclusive dierential cross sections for protons in React. 1 for xp > 0:95, from
experiments UA4[36, 37] with
p
s = 546 GeV and UA8[13] with
p
s = 630 GeV. The
cross sections shown are for both p and p excitation; the integral is totalsd = 9:4  0:7
mb. The solid and dashed curves are ts corresponding to the solid and dashed Pomeron
trajectories shown in Fig. 3 and described in the text.
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